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Freshwater mussels represent one of the most imperiled faunal groups on the 
planet and are critical to freshwater ecosystems. If mussel species are not carefully 
defined, our conservation plans may miss differences in the habitat needs of different 
species and the conservation strategies may not be as successful. Because ecological 
niche models can be used to provide evidence to support similar or dissimilar ecological 
niches and habitat requirements, I used modelling to forecast suitable habitat for 
Fusconaia askewi and F. lananensis, two purported threatened Texas species. The 
modeling results indicated that these species are not ecologically different. Based upon 
this finding and other information, I treated F. askewi and F. lananensis as synonymous, 
with F. lananensis as the junior synonym. I combined the occurrence records for F. 
askewi and F. lananensis to make one ecological niche model for F. askewi. I then 
ground-validated the model by sampling 25 sites throughout East Texas. My model 
successfully located F. askewi in five previously unsampled areas, and forecasted suitable 
habitat in East Texas. On average, the sites where F. askewi was present were 
significantly higher in habitat suitability than the sites where F. askewi was absent. My 
study is noteworthy for using a high-resolution, multivariate approach to ecological niche 
modeling of riverine habitats, which was used to test whether two putative species are 
ecologically differentiated and to make an improved ecological niche model that 
combines equivalent entities into a single model. My approach can be used in other 
studies of closely related groups.
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Chapter 1 
Introduction and General Information 
 
The crisis-oriented discipline of conservation biology was formally introduced 
into the literature in 1985 (Soulé 1985) and later broadened to conservation science to 
encompass more than just biology (Kareiva and Marvier 2012). One goal of conservation 
science is to manage the environment in a way that is beneficial to both humans and the 
organisms that reside within the environment (Kareiva and Marvier 2012). A way that 
this can be done is by analyzing parts of whole ecosystems and conserving single species 
within them. One of the most important aspects of conservation science is the ability to 
identify, differentiate, and delineate individual species (Frankham et al. 2017). 
Conservation scientists are interested in how individual species, including keystone 
species, contribute to ecosystems and how their loss would affect the functional traits of 
ecosystems (Groves et al. 2002).  
Conservation science relies on the proper identification of taxa to make sound 
conservation decisions. In order to tailor species conservation strategies appropriately, we 
must be able to distinguish species from one another (Frankham et al. 2017). The unit of 
species is fundamental to biology and biodiversity (Brooks et al. 2004), and conservation 
strategies must take into account accurate species information and additionally identify 
gaps in information (Groves et al. 2002). If species are not carefully defined and logically 
prioritized for monitoring (Regan et al. 2007), our conservation plans may miss 
differences in the habitat needs of different species and therefore the conservation 
strategies may not be as successful as well as we may not conserve the most critical 
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habitats for these species. At the core of conservation science is the desire to protect 
biodiverse areas (Daily and Matson 2008), and conservation of critical habitats and 
ecosystem diversity protects species within these areas (Rojas 1992).  
Conservation scientists can use the concept of umbrella species to conserve 
natural areas (Wilcox 1984, Roberge and Angelstam 2004). The term refers to species 
that are sensitive to human disturbance and whose conservation also envelops other 
species that co-occur within the shared habitat (Weng et al. 2015). Umbrella species have 
a large distribution range, and within that range there are co-occurring species that 
individually are smaller and more abundant with smaller ranges (Noss et al. 1996, Berger 
1997). Umbrella species are often large vertebrates but an increase in the consideration of 
invertebrate species has been observed (Roberge and Angelstam 2004) including 
ecosystem engineers (Carlisle et al. 2017). These ecosystem engineers include nonmarine 
bivalve molluscs (Geist 2010) who not only change their environment (Leslie 2018), for 
example it has been demonstrated that mussels have the ability to alter sediment 
geochemical composition in addition to altering the quantity of organisms associated with 
the sediment (Smith et al. 2018), but also provide ecosystem services (Petrosillo and 
Zurlini 2016).   
The phrase ‘ecosystem services’ was formally introduced into the scientific 
literature in 1983 in an essay that emphasized, ‘the loss of services to humanity following 
extinctions’ and the failure to find substitutions to replace the organisms and their 
respective services that have been lost (Ehrlich and Mooney 1983). Ecosystem services 
are products and benefits to humans provided by natural ecosystems and include four 
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primary categories: provisioning services, supporting services, regulating services, and 
cultural services (U.S. Forest Service 2011). Provisioning services include food, wood, 
and medicine. Supporting services include nutrient cycling and habitat provisioning. 
Regulating services include water filtration and crop pollination. Cultural services 
include aesthetic, spiritual, and recreational services. In this 1983 essay, the authors 
propose that ecosystem services be retained through use of conservation strategies to 
prevent anthropogenically-induced extinctions (Ehrlich and Mooney 1983). It is possible 
to lose all or some degree of ecosystem functionality through organism extinction 
(Ehrlich and Mooney 1983).  
Single species or single groups of taxa, such freshwater mussels, can provide 
invaluable ecosystem services including water purification through filter-feeding 
mechanisms, nutrient cycling and storage, and modification of habitat including 
stabilizing streambeds and providing a medium upon which algae and vegetation can 
colonize (Mouabad et al. 2001, Strayer et al. 2003, Vaughn 2017). Freshwater mussels 
(Order: Unionoida) represent one of the most imperiled faunal groups on the planet and 
are critical to freshwater ecosystems, largely due to the ecosystem services they provide 
as well as by providing a food source for terrestrial and aquatic life. However, 213 (72%) 
are considered endangered, threatened, or possibly extinct (Williams et al. 1993). 
Freshwater mussels are projected to experience future extinction rates of 6.4% per decade 
(Ricciardi and Rasmussen 1999). Globally, the most diverse assemblage of these 
organisms is illustrated by the approximately 297 native species found throughout the 
United States and Canada (Williams et al. 1993). The decline of freshwater mussels and 
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the present state of jeopardy of many mussel species may be attributed to several 
influential anthropogenic factors that include both historic and current practices. 
Commercial, economic, and cultural values placed on freshwater mussels have resulted in 
increased pressures applied to mussel populations. The nacre (inner shell; “mother of 
pearl”) of some mussel species served as primary source material for commercially-
produced clothing buttons in the 19th and 20th centuries, the lure of opalescent pearls has 
been of continued interest to both novice collectors and the jewelry industry, and mussels 
were a key component to the diet of many Native American tribes (Howells et al. 1996, 
U.S. Geological Survey 2000, Machtinger et al. 2007).   
Because freshwater mussels contribute to the functionality and overall health of 
aquatic ecosystems, their conservation is becoming increasingly more important as the 
quality and state of U.S. waterways continues to decline, with only 28% of waterways in 
the United States considered to be in good biological condition (U.S. EPA 2016).  
Mussels are biodiversity indicator species (bioindicators) that can be used as 
environmental monitors (Vaughn 2017). Both the internal tissues and external shell can 
be used to obtain environmental measurements such as water chemical conditions and 
stressor levels (Vaughn 2017).  Age, annual growth and climatic data may be determined 
by analyzing growth rings on the shell similar to analyzing tree-rings in 
dendrochronology in non-polluted water settings (Dunca et al. 2005).  
Because the State of Texas recognizes the importance and usefulness of mussels 
and is concerned with their conservation, there are 15 species of mussels in Texas listed 
as threatened or endangered by the Texas Parks and Wildlife Department (TPWD) (Texas 
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Register 2010). Six of the fifteen listed species are native to East Texas ((Fusconaia 
lananensis (Frierson 1901), Pleurobema riddellii (Lea 1862), Potamilus amphichaenus 
(Frierson 1898), Obovaria jacksoniana (Frierson 1912), F. askewi (Marsh 1896), and 
Lampsilis satura (Lea 1852)).  The TPWD identifies a threatened species as, ‘any species 
that TPWD has determined is likely to become endangered in the future. (TPWD 2019)’ 
Two of these species, the Texas Pigtoe (F. askewi) and the Triangle Pigtoe (F. lananensis), 
are listed as threatened and are morphologically and genetically similar with their historic 
range known to be partially overlapping. Both species are found within the Neches and 
San Jacinto river basins and F. askewi is additionally found in the Sabine river basin 
(USFWS 2016). The shell morphology of each is similar, from the shape (oval, circular, 
or subrhomboidal), shell thickness (thick), inflation (inflated), and color (dark brown to 
reddish brown or black) (Howells et al. 1996).  
In 2007 and 2008, several Texas mussels, including F. lananensis, were petitioned 
for listing under the Endangered Species Act of 1973 (USFWS 2011). In 2009, the results 
of a 90-day review determined that the information provided in the petition may warrant 
the listing of F. lananensis for reasons including current or future threats to its habitat and 
range (USFWS 2009). These results initiated a 12-month status review, which as of 2018 
was pending with the earliest date predicted to receive funding and begin this status 
review being 2019 (Jacob Lewis pers. comm. 2018). Consequently, F. lananensis is 
currently pending review by the U.S. Fish and Wildlife Service (USFWS) to obtain 
federal protection through the Endangered Species Act (ESA) (Jacob Lewis pers. comm. 
2018).  
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Questions remain as to whether F. lananensis and F. askewi are being correctly 
identified and named. A previous study sequenced portions of two mitochondrial DNA 
(mtDNA) genes (nad1 and cox1) in F. lananensis and F. askewi, and due to sequence 
similarities this study proposed that the two species should be considered one species 
under the name F. chunii (Burlakova et al. 2012). This study was followed by additional 
genetic work and phylogenetic analysis based on mtDNA gene 16s to suggest that F. 
lananensis and F. askewi are the same species (Pratt 2017). A recently published revised 
list of freshwater mussels adopted this name change based upon the results of this 
mtDNA study declared that F. lananensis and F. askewi are synonyms of F. chunii, and 
asserted they should be recognized under the common name of Texas Pigtoe (Williams et 
al. 2017). Additionally, Pieri et al. (2018) used molecular phylogenetic analyses, 
knowledge of past geological and climatological processes, and Fourier morphometric 
analyses to conclude that F. lananensis should be considered a junior synonym of F. 
askewi. Another recent study (unpub., Banta et al. 2019) using nextera-tagmented, 
reductively-amplified DNA (nextRAD) genotyping on putative F. lananensis and F. 
askewi specimens produced genome-wide evidence to support the notion that F. 
lananensis is not a valid species and is actually synonymous with F. askewi.  
There is a general consensus that F. askewi and F. lananensis are morphologically 
and genetically synonymous, but to my knowledge there have been no studies that have 
compared the ecology of F. askewi and F. lananensis. In order to determine if F. askewi 
and F. lananensis are ecologically differentiated, my study had three objectives: 1) To 
create ecological niche models for F. askewi and F. lananensis, 2) To compare niche 
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overlap and determine if the habitat requirements were statistically different or 
indistinguishable, and 3) To evaluate and verify our model(s) by performing field-work 
ground-validation.  
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Chapter 2 
Ecological Niche Modelling 
Although modern DNA analyses provide evidence about proper taxonomic 
nomenclature, taxonomy is a holistic enterprise that encompasses more than just DNA 
(Rieseberg and Brouillet 1994, Pigliucci 2003, Wiens 2004a, Wiens 2004b, Wiens 2004c, 
De Queiroz 2007, Friedheim 2016, Stepanovic et al. 2016). Taxonomic identification and 
revision tools can include molecular data, physiological data, morphological data (Varga 
et al. 2007), ecological, and habitat data (Raxworthy et al. 2007, Chisamera et al. 2014). 
Habitat data can be used to make a stronger case about the taxonomy of F. lananensis 
and F. askewi (Raxworthy et al. 2007). Ecological niche models (ENMs), or species 
distribution models (Elith et al. 2006, Estrada-Pena et al. 2013), are computer-generated 
models used to predict and identify geographic areas of varying likelihood where a 
species could be distributed based on ascertained habitat requirements and environmental 
suitability (Peterson 2001).  
It is necessary for conservationists to obtain spatial information on species for 
conservation planning purposes and to identify areas of biodiversity, including areas that 
contain populations of threatened species (Brooks et al. 2004) . Ecological niche models 
are particularly useful when attempting to identify the habitat of a species in addition to 
delimiting species, identifying cryptic species with subtle differences in morphology 
(Raxworthy et al. 2007), and better illustrating the approximate realized niche of a 
species (Hill and Terblanche 2014). ENMs can be particularly useful in identifying 
endemic areas of species that are closely related or those that are cryptic (Raxworthy et 
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al. 2007). For example Raxworthy et al. (2007) used ecological niche modeling to 
differentiate between endemic areas of different Phelsuma day gecko species and identify 
new subspecies based on geographic locality, in addition to corroborating morphological 
and molecular data. Niche models were used to better understand the distribution of day 
geckos, and applied to delineate Phelsuma subspecies based on projected suitable habitat 
(Raxworthy et al. 2007). This is in part due to the fact that ENMs can be used to provide 
evidence to support similar or dissimilar ecological niches and habitat requirements 
(Raxyworthy et al. 2007).   
ENMs can include presence, absence, and pseudo-absence data to inform the 
model of locations where the focal species was or was not found (Chefaoui and Lobo 
2008). Presence models are often favored because absence data can be burdensome and 
challenging to obtain, and the inclusion of absence data can decrease a model’s predictive 
reliability if the absences are truly false absences as a result of inadequate or improper 
sampling (Anderson 2003, Chefaoui and Lobo 2008, Ortega-Huerta and Peterson 2008). 
Several presence-based predictive algorithm models to forecast habitat suitability exist 
(Ortega-Huerta and Peterson 2008) and of the available models a maximum entropy-
based approach was used using the ecological niche modeling software Maxent (Phillips 
et al. 2006).  Maxent has served varying uses in the ecological academic community 
including that of gecko species delimitation (Raxworthy et al. 2007), prediction of 
amphibian species richness patterns (Pineda and Lobo 2009), and modeling of species 
distributions for jaguar (Panthera onca) conservation purposes (Ferraz et al. 2012). 
Maxent could also be particularly valuable in assessing preliminary species distributions, 
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guiding reconnaissance efforts, and directing field surveys (Rebelo and Jones 2010, 
Tronstad et al. 2018). 
 
Principal Component Analysis 
In addition to using ecological niche modeling, a Principal Component Analysis 
(PCA) (Pearson 1901, Hotelling 1933) was used in my study to reduce the dimensionality 
of the environmental parameter data used in the ecological niche modeling. Principal 
component analyses have been performed in conjunction with ecological niche modeling 
in the ecological community with studies including but not limited to neotropical flora 
(Giannini et al. 2001), vertebrate lizards (Hosseinian Yousefkhani et al. 2016), and 
invertebrate insects (Silva et al. 2014). A PCA is a way to visualize data, summarize data, 
and find patterns within data (Lever et al. 2017).  A PCA is a data-reduction technique 
that can be used in order to transform and reduce the dimensionality of a large set of 
variables into a smaller, less complex set of composite variables (components or axes) 
that retains the information contained within the original set (Lever et al. 2017). A PCA 
is a powerful data analysis tool and is used when there exists a set of variables that may 
be correlated, for example environmental or climatic variables, and the variables must be 
converted into uncorrelated variables (Lever et al. 2017).  
Principal component analyses are used in order to avoid an ‘overfitting’ of the 
ecological niche model due to the possibility of variables being highly correlated 
(Khosravi et al. 2016). A model is overfitted when it, ‘fits the calibration data too closely 
(in environmental space) and, therefore, fails to predict independent evaluation data 
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accurately’ (Radosavljevic and Anderson 2014), e.g., a model is overfit when it fits the 
training data so closely that when independent testing data are used, the model is unable 
to generalize (Phillips 2017). An overfitted model is less likely to be able to predict future 
species distributions (Hijmans and Graham 2006), and is not generalizable to different 
regions nor if one is interested in making cross species niche comparisons (Radosavljevic 
and Anderson 2014). 
 PCAs are used to stabilize the final results in addition to determining which 
variables are the most important, e.g., those that hold the most relevant and interpretable 
information (Jackson 1993), and are especially useful in ecology when variables are 
contained within large environmental datasets (King and Jackson 1999, Zitko 1994) that 
contain variables that may be correlated. Using multivariate statistical analyses, including 
PCAs, has become increasingly popular in ecological and biological studies (King and 
Jackson 1999) including aquatic pollution studies (see Zitko 1994 for a brief review) and 
including species distribution modeling studies where the principal components were 
used for modeling purposes as environmental predictors (Cruz-Cardenas et al. 2014). 
PCAs are particularly important before conducting a species distribution modeling study 
to help reduce the amount of possible errors within the model including those of spatial 
autocorrelation (Cruz-Cardenas et al. 2014), or measurements of the spatial clustering of 
species observations (presence points) as they relate to environmental variables.  
After performing the PCA, the original set of variables is transformed and 
reduced to a smaller set of principal components that are independent of one another 
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(orthogonal with zero covariations), in contrast to the original variables which may have 
been highly correlated (McCune and Grace 2002). 
Each principal component has a variance, or eigenvalue, associated with it. The 
eigenvalue represents the variance that can be explained by each principal component 
(McCune and Grace 2002). In addition to eigenvalues, a PCA also produces eigenvectors 
which are linear equations comprised of combinations of the original set of variables 
(McCune and Grace 2002). The eigenvalues are represented by a descending list of 
values starting with the component that explains the most variance to the last value which 
is the component that explains the least variance (McCune and Grace 2002). If the 
structure of a principal component has a significant correlation, the value of the 
eigenvalue will be of higher value than what would be expected based on chance 
(McCune and Grace 2002).  
As a PCA produces multiple components, or axes, one must determine the 
number to use in follow-up analyses. A heuristic (as opposed to a statistical) approach to 
finding this number is through the use of a broken-stick model (Frontier 1976, Jackson 
1993). The formula for the broken stick eigenvalue is provided below (Frontier 1976, 
Jackson 1993): 
       
 
 
In this equation, p represents the number of columns, bk is the eigenvalue size of 
the kth principal component, and j represents indexes axes k through p (Frontier 1976, 
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Jackson 1993, McCune and Grace 2002). If the value of this eigenvalue for axis k(bk) is 
smaller than the observed eigenvalue for a given axis, the axis in question, ‘contains more 
information than expected by chance and should be considered for interpretation’ 
(Frontier 1976, Jackson 1993, McCune and Grace 2002). Using a PCA with the broken-
stick model has been demonstrated in ecological studies including those of species 
abundance distribution and biodiversity management (Persiani and Maggi 2013, 
Matthews and Whittaker 2015, Wu et al. 2019), the relationship between climate and 
aquatic dynamics (King and Jackson 1999), and squamate reptile climatic niche evolution 
(Pie et al. 2017) to name a few.    
Once the broken-stick model has been applied and the number of principal 
component axes has been selected, one can produce ecological niche models. After their 
production, ecological niche models can then be compared through overlap tests that 
analyze differences in the niche models, and these habitat suitability comparisons can be 
made through using the program ENMTools (Warren et al. 2010).  
 
Methods 
 I used niche overlap tests to test how similar resource use and environment are 
between species (Vitt and Caldwell 2014). Two indices I used to examine niche identity 
include Hellinger’s-based I (Van der Vaart 1998, p. 211; Warren et al. 2008) and 
Schoener’s D (Schoener 1968, Warren et al. 2008).  Each index statistic outputs a value 
from 0 (no overlap) to 1 (identical niche models) (Warren et al. 2008).  
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 I used Maxent to model predicted species distributions across a landscape using 
environmental data and species occurrence (presence) data (Phillips et al. 2006). Maxent 
uses a maximum entropy method and machine learning to forecast suitable habitat for a 
given species.  The combination of environmental data and species occurrence data are 
used to extrapolate predicted species distributions at locations other than where the 
occurrence data were obtained as a function of the environmental data present at the 
locations where species were observed. Environmental data were obtained from publicly 
available online databases including WorldClim (Hijmans et al. 2005; 
http://www.worldclim.org) for climate data, the National Hydrography Dataset Plus 
(NHD) (US EPA and USGS 2005, McKay et al. 2012) for waterway data, and SSURGO 
Database (NRCS 2018) for soil data. Species occurrence locations are georeferenced in 
latitude-longitude format  (Phillips et al. 2006).  
The environmental data and species occurrence data in our study area pertain to 
East Texas, western Louisiana and southwestern Arkansas, specifically within the Sabine 
River, Neches River, Sulphur River, and Cypress basins (Figures 1 and 2). The extent of 
the study area includes regions that have historically contained populations of F. askewi 
and F. lananensis (Howells et al. 1996). Species occurrence data for F. askewi (98 
morphologically identified specimens) and F. lananensis (13 morphologically identified 
specimens) was from Ford et al. (2017) as described therein (Figure 3). 
Sixty-one GIS continuous environmental layers were downloaded from the above-
mentioned online databases in vector format (18 hydrologic layers, 24 soil layers, and 19 
bioclimatic layers). See Appendix A for a complete layers list. The hydrologic layers 
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were included because hydraulics and hydrology are known to critically contribute to the 
habitat requirements of mussels and are largely influential (Newton et al. 2008, Drew et 
al. 2018). For example, baseflow has been found to significantly affect aquatic habitat 
suitability (Choi et al. 2018) and it has been demonstrated that aquatic areas that sustain 
flow, for example during a drought period, support increases in stable species (Golladay 
et al. 2004). Soil layers were included because the sediment-water interface ecotone 
represents a type of dynamic habitat that is sensitive to hydrologic changes (Dokulil and 
Schiel 2000, Rosenberry et al. 2016), and substrate type and stability affect mussel 
aggregation (Niraula et al. 2016) (e.g., F. askewi seems to prefer entrenched areas with 
unstable substrate (Glen 2017)). An organic matter layer was included because mussels 
obtain food through filtering organic matter in the surrounding waters but also obtain 
food from the surrounding sediment (Vaughn et al. 2008). Climate layers were included 
because changes in climate that alter watershed conditions can affect mussel populations 
due to changes in suitable habitat via warming temperatures (Bolotov et al. 2018) and 
changes to bacteria and detritus that support these populations (Vaughn et al. 2008). 
Additionally, changes in water temperature affect lividity, physiological energetic 
response (Fly et al. 2015), and shell convexity (Bolotov et al. 2018). 
Manipulation of the layers was carried out using Grass GIS 7.2.2 
(https://grass.osgeo.org/) and ArcGIS for Desktop version 10.5 (Esri Inc. 2016, Redlands, 
CA). The methodology found in Walters et al. (2017) was followed for preparing the 
layers. These layers and the species occurrence locations were projected into NAD 1983 
UTM Zone 15N (units: meters) using GrassGIS. Each environmental layer was converted 
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into a raster file, then resampled to 100 m x 100 m resolution. Finally, each raster file was 
converted to an ASCII file after being clipped to the waterways within the study area 
extent that were delineated from the NHDFlowline dataset (US EPA and USGS 2005, 
McKay et al. 2012). The terrestrial area surrounding the waterways was constrained with 
a 100 m buffer. Only the information contained within each layer that overlaps with the 
location and distribution of waterways was used (e.g., only information pertaining to 
lotic, aquatic habitats and not terrestrial habitats).   
 In order to summarize the dataset using a smaller number of uncorrelated 
variables (De Marco and Nobrega 2018), a Principal Component Analysis (PCA) was run 
on the 61 environmental layers. The broken-stick model was applied, and the first seven 
principal component axes were chosen (Figures 4 and 5) for use in niche overlap testing 
using ENMTools 1.4.4 (Warren et al. 2010, Warren et al. 2019).  
Hellinger’s-based I and Schoener’s D indices were used to calculate niche identity 
and to compare the differentiation of habitat suitabilities of the F. askewi and F. 
lananensis models.  The D and I statistics are indices used to quantify niche similarity 
after the implementation of a quantitative test known as a niche identity test (Warren et 
al. 2010). The D statistic comes from ecology, and can be interpreted such that the, 
‘suitability scores…produced by Maxent are proportional to species abundance’ (Warren 
et al. 2010). The I statistic,  ‘treats the two ENMs as probability distributions’ (Warren et 
al. 2010), and there are no biological assumptions (Warren et al. 2010, Caravaggi et al. 
2017). The D and I statistics are calculated after comparisons of habitat suitability
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Figure 1. Major rivers (red) inside the study area (black) within east Texas, southwest Arkansas, 
and west Louisiana. 
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Figure 2. Major titled rivers (red) inside the study area (white). 
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Figure 3. Map of F. askewi and F. lananensis occurrence points (red dots) atop major rivers (blue) within 
the study area used to create the ecological niche model.  
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Figure 4. Results of principal components analysis with the broken stick model applied.  
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Figure 5. Zoomed-in view of results of principal components analysis with the broken stick 
model applied.  
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estimates for each raster cell within the model’s spatial extent are made (Warren et al. 
2010).  
Ninety-eight occurrence points for F. askewi and 13 occurrence points for F. 
lananensis were used for niche overlap testing with ENMTools (Figure 3). The 
occurrence points were thinned in order to only count occurrence points that were 1 km  
apart from one another using the ‘thin’ function of spThin package (Aiello-Lammens 
2015) in R version 3.6.1 (R Core Team 2019). The niche identity test module in 
ENMTools operates under the hypothetical assumption that the ecological niche models 
for F. askewi and F. lananensis are the exact same (Warren et al. 2010). The first step of 
this test is to pool the species presence points for F. askewi and F. lananensis and create 
two new populations after randomizing the points to create these populations so that each 
population has the same number of presence points as the original two populations 
(Warren et al. 2010). One hundred pseudoreplicated data sets were generated, and an 
ecological niche model was created for each of these data sets. The niche similarity 
indices of D and I were calculated for each pseudoreplicate ENM, thus producing a 
distribution of niche overlap scores (Warren et al. 2010). If the true observed (non-
permuted) D and I values were lower than the 5th smallest (5th most extreme) calculated 
values from the pseudoreplicated data sets, the hypothesis that the ecological niche 
models for F. askewi and F. lananensis are the same can be rejected (Warren et al. 2010). 
This is because the 5th smallest permuted value translates to a 5% chance that the niche 
models for F. askewi and F. lananensis would be different based on the effects of 
sampling alone (Walters et al. 2017).  
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Results 
Niche overlap was measured using the D and I statistics. The ecological niche 
models of F. askewi and F. lananensis were not significantly different from one another 
(Table 1). This agrees with the fact that the ranges of the two species entirely overlap 
(Figure 6).  
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Figure 6. Convex hull overlap of F. askewi (blue) and F. lananensis (red) sample points.  Each 
colored polygon encompasses the range of occurrence points for each purported species. 
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Chapter 3 
Refining the Ecological Niche Model 
 
The results of our ecological niche overlap tests showed that F. askewi and F. 
lananensis are not ecologically differentiated. Therefore, it is most appropriate to model 
the two species together as one entity. The default settings for Maxent are not appropriate 
in all circumstances, and the appropriate ones should be carefully determined, as this can 
have substantial ramifications for the model fit and the interpretation of the results 
(Morales et al. 2017). In particular, the choice of the feature classes and regularization 
multiplier are important. The regularization multiplier is a form of a restrictive penalty 
that is imposed on the model (Morales et al. 2017) and it reduces over-fitting of the 
model (Merow et al. 2013). The primary purpose of the regularization multiplier is to 
ultimately affect the power of the model’s feature classes (Morales et al. 2017), and the 
regularization multiplier affects the fit of Maxent’s output distribution (Phillips 2017) 
e.g., is it localized or more spread-out? Maxent uses different ‘feature classes’ (linear, 
product, quadratic, hinge, threshold) in order to build complicated response curves that 
are non-linear (Merow et al. 2013). Each feature represents a different mathematical 
transformation of an environmental predictor input layer (Merow et al. 2013). For each 
environmental predictor, Maxent creates plotted response curves that plot the rate of 
predicted species occurrence against the numerical values of the environmental predictor 
in question (Merow et al. 2013). The types of features chosen determine the complexity 
of the model (complex and non-linear or simple).  
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An additional consideration when running Maxent, after choosing the proper 
feature classes and regularization parameters, is the type of internal model validation to 
use. Cross-validation is a common way to assess the predictive power and quality of 
ecological niche models (Hijmans 2012), as well as to evaluate the predictions of the 
ecological niche model in question (Merow et al. 2013). Cross-validation is used to first 
fit an ecological niche model with data known as training data, and second to assess an 
ecological niche model with testing data which was left out of the model-building process 
(Hijmans 2012, Merow et al. 2013). In this cross-validation process, the ecological niche 
model’s ability to predict known occurrence sites and absence (or pseudoabsence) sites is 
assessed (Hijmans 2012).  The set of occurrence points can be split (partitioned) into 
training data and testing data, and the test data are used to evaluate the trained predictions 
of the model (Hijmans 2012, Merow et al. 2013, Phillips 2017).  
With the test data, one can then evaluate the usefulness of the ecological niche 
model as a tool for distinguishing suitable habitat for the species from the rest of the 
landscape. A good model would accurately assign all of the areas where the species can 
live higher suitability scores than the places where it cannot live; a poor model would 
assign all areas of the landscape equal suitability for the species. Where an ecological 
niche model falls along this continuum in its ability to correctly identify the most suitable 
habitat is commonly evaluated using the area under the receiver-operator curve (AUC) 
(Merow et al. 2013). The AUC is the probability that a species occurrence location has a 
higher habitat suitability value than a random location  (Merow et al. 2013). The AUC 
value is always between 0.5 and 1 (Fielding and Bell 1997). The AUC is 1 if the 
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suitability scores for all occurrence sites are higher than the suitability scores for all 
absence sites, and the AUC is 0.5 if the prediction values are equivalent to random. AUC 
values between 0.5-0.7 are ‘poor’, indicating the model is only slightly more sensitive 
than the rate for false positives (Swets 1988, Pearce and Ferrier 2000). Models with AUC 
values >0.75 have, ‘a useful amount of discrimination’ (Elith et al. 2006) and models 
with values of 0.9 or above are considered to be good (Huntley et al. 2006) and have a 
high rate of sensitivity (Swets 1988, Pearce and Ferrier 2000).  
 
Methods 
In order to better understand the relevance and significance of the singular 
environmental predictor layers (principal component layers), I examined the test gain 
statistics for the full ecological model versus the reduced models that contained single 
environmental predictors (Walters et al. 2017).   Single environmental predictor layer 
models that yielded high test gains were assumed to be highly relevant and largely 
contribute to ascertaining the habitat suitabilities of the full model. The gain statistic can 
be used to measure goodness of fit, is a function of maximum likelihood, and is 
statistically similar to deviance (Merow et al. 2013, Phillips 2017). Gain can be used to 
measure the fit of the model. A model with a maximized gain is the model that is best 
able to ascertain true species occurrence points from the background locations (Merow et 
al. 2013). Gain is an indicator of how focused and concentrated the model is on the 
species occurrence points, and the gain statistic compares the performance of the model 
to a model in which all points across the landscape are equally suitable (Phillips 2017, 
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Walters et al. 2017). The exponent of the gain statistic represents an average of the 
species occurrence points probability in comparison with the species pseudoabsence 
points. For example, if the gain is 1.5, on average, the habitat suitability of a species 
occurrence is e1.5 = 4.5 times higher than the habitat suitability of an average 
pseudoabsence location. Maxent reports the average test gains for each of the model folds 
that were used to build the model.  
With these considerations in mind, I adjusted the settings in Maxent to achieve the 
best model possible for F. askewi. I then evaluated the usefulness of the model using the 
test AUC statistic, and determined which principal component variables were the most 
important to the model using the test gain statistic. 
I used the “ENMevaluate” function of the ENMeval package (Muscarella et al. 
2014) in R (R Core Team 2019) to find the most appropriate feature classes and 
regularization multiplier (for more information, see Merow et al. 2013). I selected the 
combination of feature classes and regularization multiplier that together had the lowest 
AIC. These feature classes are able to be manually selected in Maxent and the proper 
settings for the specific model are able to be selected after viewing the final product of 
ENMevaluate which comes in the form of a list of different model settings ranked by 
Akaike weight. The best model was selected using the sample size-corrected Akaike 
Information Criterion (AICc) (Warren and Siefer 2011); the optimal model has a delta 
AICc value of 0, which is the lowest AICc value of the different combinations of feature 
classes and regularization multipliers that were tested (Muscarella et al. 2014).  
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Maxent was used to create an ecological niche model for F. askewi and I selected 
the Maxent settings based on the results of ENMevaluate. For the regularization 
multiplier value, used to prevent overfitting of the model and used in the fields of 
machine learning and statistics (Merow et al. 2013), I defined the regularization to be 0.5. 
This regularization multiplier value is smaller than the default settings (1.0), and my 
model results in an output distribution that is more localized (e.g., fits more closely to the 
species occurrence points than the default settings would) (Phillips 2017). For feature 
classes, I chose linear and quadratic. The regularization multiplier and the feature classes 
were chosen given the results of running ENMevaluate.  
Because my ecological niche model was a presence-based model and lacked true 
absence data, I obtained pseudo-absence points by random sampling of sites in our study 
area. I used cross-validation with 10-fold subsampling, meaning our occurrence data was 
split into 10 equal groups or ‘folds’, and ecological niche models were produced 10 times 
with each time one ‘fold’ of data was left out (Phillips 2017). The first 9 subsets were 
used to train and model and the 10th subset was used to evaluate the model (Merow et al. 
2013).  Thus, I used 90% of the occurrence data to train the model and 10% of the 
occurrence data to test the model. The environmental predictor layers used were the first 
7 principal component axes (see Chapter 3 for description of methods) of the principal 
components analysis with broken stick model application (PC1 – PC7). 
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Results 
The average test AUC value produced by the 10 replicate runs of the model 
produced by Maxent was 0.827, with a standard deviation of 0.070. The AUC is above 
0.7 and is thus useful for model discrimination (Huntley et al. 2006).  
Highly suitable areas for F. askewi (greater than or equal to 0.77) were modelled 
in the Sabine River below Mineola and above the Toledo Bend Reservoir, and  in many 
tributaries of the Sabine River connected to and west of Toledo Bend Reservoir (e.g., 
Patroon Bayou, Indian Creek, Tiger Creek, Beaver Creek, Palo Gaucho Bayou). A 
previous study focused on sampling for unionids in the western tributaries of the Toledo 
Bend Reservoir, and found F. askewi in South Big Sandy Creek and Patroon Bayou as 
my model forecasted (Arnold et al. 2016). Highly suitable areas for F. askewi were also 
modelled in the central Neches River near Lufkin; tributaries of the Angelina River (e.g., 
Atoy Creek, Procella Creek);  tributaries of the Attoyac River (e.g., Amaladeros Creek, 
Polysot Creek, Kingham Creek and Bakers Branch), and the lower Attoyac River near 
Chireno.  
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Chapter 4 
Ground Validation 
 
Conservation managers need accurate ecological niche models (e.g., species 
distribution models) (Rebelo and Jones 2010). Conservation managers rely on accurate 
models to identify the habitat of rare species (West et al. 2016) and threatened species 
such as F. askewi, a species listed as ‘threatened’ by the Texas Parks and Wildlife 
Department since 2010 (Texas Register 2010). F. askewi meets the following criteria for 
threatened species: 1. The species is ‘habitat limited’, 2. The species only occurs in 
‘specific, limited geographic areas’, and 3. The species is ‘rare’ (Texas Register 2010). 
At the time of the Texas Register (2010) publication, F. askewi was known from 
historical observations in specific, limited regions of the Trinity, San Jacinto, Sabine, 
Angelina, and Neches Rivers. Recent studies (2010-2012) found purported F. askewi in 
the Trinity, Neches, Sabine, Sulphur, and Cypress Creek basins (Ford et al. 2014). More 
recent studies have determined that F. askewi is not present in the Trinity River (Inoue et 
al. 2018, Pieri et al. 2018). Howells et al. (1996) describe the habitat where Howells 
found specimens as, ‘mixed mud, sand, and fine gravel in protected areas associated with 
fallen trees or other structures’.  
The ecological niche model I produced included layers that together combine to 
form many aspects of mussel habitat (e.g., soil and water attributes). Verifying the 
accuracy of ecological niche models is one way to provide conservation managers with 
independent validated information for rare species (Rebelo and Jones 2010), including 
that of habitat information and presence locations. In addition to obtaining and verifying 
previously described habitat information, ground validation provides the opportunity to 
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discover previously unknown populations, which could lead to updating the known 
species range (Rebelo and Jones 2010, Rhoden et al. 2017) and could have implications 
for conservation management strategies. For example, Rebelo and Jones (2010) used 
Maxent to model the potential distribution of a rare European bat (Barbastella 
barbastellus), then ground-validated the forecast predictions of the model. This ground 
validation led to the discovery of previously undocumented B. barbastellus populations 
and also led to an extension of the known distribution (Rebelo and Jones 2010). 
Similarly, Rhoden et al. (2017) performed a ground validation exercise and discovered 
previously unidentified crayfish (Fallicambarus harpi and Procambarus reimeri) 
populations which led to extending the range of these species. Ground validation can also 
be a means to confirm the rarity of a species (Kumar et al. 2014) as well as to identify 
areas of ‘mismatch’, e.g., areas that are predicted as highly suitable habitat in reality have 
been anthropogenically altered in a way that make the habitat unsuitable (Sanchez-
Mercado et al. 2017).  
Using ecological niche models to guide field work, and using field work to inform 
and improve the ecological niche models is an important process to achieve the most 
accurate forecasts of species distributions (Fois et al. 2015). Yet, ground validation is 
rarely done with presence-only ecological niche models (West et al. 2016). The purpose 
of the ground validation effort in this study was to verify the accuracy of the ecological 
niche model’s habitat suitability predictions for F. askewi. Ground-truthing through field 
verification was critical to ensure we are providing conservation managers with an 
accurate decision-making tool. 
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Methods 
From within the study area (Figures 1 and 2), 25 aquatic sites of varying habitat 
suitability (highly suitable to unsuitable) (Table 3) were selected to be sampled for F. 
askewi. Habitat suitability scores ranged on a scale of 0 to 1, and were represented by 
corresponding color-coding on each waterway segment (Figure 7). Sites were selected 
based on habitat suitability maps that were produced as a result of ecological niche 
modeling using all occurrence points (e.g., F. askewi and F. lananensis lumped together 
into F. askewi). Sampling occurred between May – June of 2018 in the Sulphur, Cypress, 
Sabine, Neches, and Trinity River basins (Figures 8 and 9). Sites were at least 5 km apart 
from one another, consisted of a 50 m segment of waterway, and to my knowledge had 
never been visited before. Sites were accessed by foot or kayak, with all waterway entry 
points being public boat ramps or within public rights-of-way. Each of the 25 sites was 
sampled for one person-hour using informal sampling with detailed tactile and visual 
searches of the bottom substrate surface (Strayer and Smith 2003). For example, if the 
field crew consisted of three people, sampling would occur for 20 minutes each for a total 
of 60 minutes per site. This method of sampling was chosen because qualitative sample 
methods (e.g., timed searches) are more efficient than quantitative sampling methods 
(e.g., quadrat surveys) (Strayer and Smith 2003, Smith 2006) when trying to determine 
the presence of rare species (e.g., those that are endangered or threatened) (Strayer and 
Smith 2003, Smith 2006). Tactile/visual search methods have been compared to other 
qualitative approaches (e.g., use of a clam rake) and found to be over twice as effective 
(Reid et al. 2014). 
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Figure 7. Maxent habitat suitability map used for ground-validation surveys. Habitat 
suitability ranges from 0 (dark blue, least suitable) to 1 (red, most suitable).  
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Figure 8. Map of ground-truthing sites (yellow dots). Blue lines represent major rivers 
within the study area. Black outlines represent major drainage basins of Texas.  
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Figure 9. Map of ground-truthing sites (red dots) laid atop ecological niche model map of the 
study area. Blue lines represent major rivers within the study area. Red dots represent sample 
locations. White line represents outline of Texas.  
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Figure 10. Average habitat suitabilities found at the sites where F. askewi were present versus absent (y-axis). 
The error bars represent ± 1 standard error. On average, locations where F. askewi were present were higher in 
habitat suitability than locations were F. askewi were absent.  
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The appropriate collecting permits required by the State of Texas were already in 
place, and voucher specimens of F. askewi were collected. The number of F. askewi at 
each sample site location was recorded. Only live F. askewi specimens were counted, as it 
is not possible to tell the prior location of a dead specimen while it was living (e.g., a dead 
specimen could have drifted into the sampling area from outside of the sampling area).  
Voucher specimens can be found in the University of Texas at Tyler museum collection.  
To evaluate how well the ENM performed at different ranges of habitat suitability, we 
constructed a table (Table 5) showing the percent of the sites with presences versus 
absences, at different ranges of habitat suitability. We assumed that as habitat suitability 
increases, the percent of sites with presences instead of absences would increase. 
 
Results  
Live F. askewi were found at 5 of the 25 sites within the Sabine, Neches, and 
Angelina Rivers. Substrate was classified using the Wentworth scale and included sandy 
gravels with cobble, silty sand with some gravels, sand/silty sand with many tree roots, 
sand with some gravels, and sandy clay with bedrock (riffle areas) (Table 2). A total of 
20 live F. askewi were found. On a scale of 0 to 1 with 0 being the least suitable habitat 
and 1 being the most suitable habitat, habitat suitability ranged from 0.407013 to 0.54941 
at sites where F. askewi were present (Table 3). We found that the percent of ground-
truth locations where the mussels were present increased with increasing habitat 
suitability (Table 5), except at the highest habitat suitabilities (0.76 - 1). However, we 
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note that we only included one site with a habitat suitability score in that highest bracket, 
so we were not able to adequately test the model within that range of suitabilities. Among 
the brackets of suitability scores where we had adequate sampling, the trend was for 
increasing presence of Pigtoes in areas with higher habitat suitabilities. 
 
t-test and Wilcoxon rank sum test 
A t-test was used (Sokal and Rohlf 1995) to quantitatively describe the fit of the 
predictive ecological niche model, and to determine how well the predictive model suited 
the sampling results, e.g., test whether the mussels were found more often at sites forecast 
to be highly suitable than at sites forecast to be unsuitable. The null hypothesis was 
modeled habitat suitability by Maxent does not predict the occurrence of F. askewi. My 
data was non-normally distributed, with more of an even distribution. While t-tests are 
robust to violations of assumptions of normality (Khan and Rayner 2003), we also 
performed a more conservative non-parametric version of the t-test known as the Wilcoxon 
signed-rank test (Wilcoxon 1945). 
 The Wilcoxon rank sum test and Welch’s two sample t-test produced 
marginally significant and significant P-values (P = 0.0562, P = 0.0074 respectively).  
 
Jackknife of test gain and Principal Component Axes 
The most significant and influential principal components as displayed by the 
jackknife of test gain (also called the “leave-one-out” procedure) produced by Maxent 
(Table 6) were PC1, PC3, PC5 and PC6. Table 4 provides the output (loadings) of the 
40 
 
principal component analysis for these principal components. These PC’s account for 
approximately 70% of the variation in the data of where F. askewi were found. Figures 
12 through 15 detail the response curves for each principal component. The loadings 
were used to qualitatively assess the relationships amongst variables that contributed to a 
particular principal component. The test gain was most negatively affected with the 
removal of PC6.  
The variables that loaded positively on PC1 were related to temperature and 
precipitation seasonality (wcbio4resampclipflow, wcbio7resampclipflow, 
wcbio15resampclipflow, wcbio5resampclipflow) and the variables that loaded negatively 
were related to quarterly and annual precipitation (wcbio17resampclipflow, 
wcbio18resampclipflow, wcbio19resampclipflow, wcbio14resampclipflow, 
wcbio12resampclipflow). Based on PC1, F. askewi prefers intermediate levels of 
precipitation, intermediate temperatures, moderate temperature seasonality, moderate 
variation in precipitation, and a moderate annual temperature range. See Figure 11 for the 
response curve for PC1, an approximately bell-shaped normal curve. 
41 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Habitat suitability (y-axis) predicted by the ecological niche model for Fusconaia askewi and F. lananensis 
combined as a function of PC1 (x-axis). PC1 is comprised primarily of temperature and precipitation, as shown in the 
figure. Arrows pointing to the right indicate that the environmental variable increases with increases in PC1 (a positive 
loading on PC3), whereas arrows pointing to the left indicate that the environmental variable decreases with increases in 
PC1 (a negative loading on PC1). 
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Figure 12. Habitat suitability (y-axis) predicted by the ecological niche model for Fusconaia askewi and F. lananensis 
combined as a function of PC3 (x-axis). PC3 is comprised primarily of temperature and soil attributes, as shown in the 
figure. Arrows pointing to the right indicate that the environmental variable increases with increases in PC3 (a positive 
loading on PC3), whereas arrows pointing to the left indicate that the environmental variable decreases with increases in 
PC3 (a negative loading on PC3). 
Mean Diurnal Range (Temperature) 
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High Drainage Area 
Figure 13. Habitat suitability (y-axis) predicted by the ecological niche model for Fusconaia askewi and 
F. lananensis combined as a function of PC5 (x-axis). PC5 is comprised primarily of elevation, 
temperature, flow, and drainage area, as shown in the figure. Arrows pointing to the right indicate that the 
environmental variable increases with increases in PC5 (a positive loading on PC5), whereas arrows 
pointing to the left indicate that the environmental variable decreases with increases in PC5 (a negative 
loading on PC5). 
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Figure 14. Habitat suitability (y-axis) predicted by the ecological niche model for Fusconaia askewi and F. 
lananensis combined as a function of PC6 (x-axis). PC6 is comprised primarily of water temperature, flow, and 
drainage area, as shown in the figure. Arrows pointing to the right indicate that the environmental variable 
increases with increases in PC6 (a positive loading on PC6), whereas arrows pointing to the left indicate that the 
environmental variable decreases with increases in PC6 (a negative loading on PC6).  
Mean temperature of water 
 
High Flow 
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The variable that loaded positively on PC3 (Figure 12) was related to average 
diurnal range (wcbio2resampclipflow) and the variables that loaded negatively were 
related to temperature and soil aspects (wcbio1resampclipflow, wcbio8resampclipflow, 
percentclaycombinedraster, llcombinedraster, wcbio10resampclipflow, ceccombined 
raster, PIcombinedraster). As the percentage of clay in the soil, the water content in the 
soil, the average temperature of the warmest month, the amount of extractable cations 
held by the soil, and the degree to which the soil exhibits characteristics of a plastic solid 
increases, there is a sharp and prolonged decrease in habitat suitability. As the percentage 
of sand in the soil and average diurnal temperature range increases, habitat suitability 
increases.  
The variables that loaded positively on PC5 (Figure 13) were related to elevation 
(MaxElevSmo2, MinElevSmo2, MinElevRaw2), and the variables that loaded negatively 
on PC5 were related to drainage area and temperature (DivDASqKM2, 
wcbio10resampclipflow, Q0001E2, TotDASqKM2).   
The variables that loaded positively on PC6 (Figure 14) related to flow and 
drainage area (DivDASqKM2, Q0001E2, TotDASqKM2) and the variable that loaded 
negatively on PC6 related to temperature variability (tempVCrasterclipped2).  
On average, the sites where F. askewi was present were significantly (Wilcoxon 
rank P = 0.0074, t-test P = 0.0562) greater in habitat suitability than the sites where F. 
askewi was present (see Figure 10). These test results indicate that F. askewi are found 
more often at sites forecast to be suitable than at sites forecast to be unsuitable. 
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Chapter 5 
Discussion 
 
A primary concern of conservation managers is obtaining accurate species 
distribution information (Rebelo and Jones 2010). Conservationists must obtain spatial 
information for species conservation planning purposes and to distinguish areas of 
biodiversity, including those areas that contain threatened species (Brooks et al. 2004). 
I used Maxent to obtain spatial information and develop my ground-validation sampling 
approach to aid in the conservation of state-threatened F. askewi. The results from the 
ground-validation efforts support the use of my ecological niche model in the future to 
identify areas of high conservation priority. Overall, the PCA-based approach of my 
thesis demonstrated that the niches of F. askewi and F. lananensis do overlap, and the 
ground-validation study in addition to the statistical analyses confirmed that F. askewi 
and F. lananensis are not ecologically differentiated. The t-test, along with the table of 
percent presences as a function of habitat suitability (Table 5), showed that the ecological 
niche model worked: locations that are predicted to be more suitable for Pigtoes are more 
likely to have them as compared to areas that are predicted to be less suitable by the 
model. 
 
Use of principal components analysis in ecological niche modeling 
Use of PCA is a valid approach to simplifying ecological niche modeling while 
simultaneously including all available environmental data. While PCA-based approaches 
to simplifying environmental layers for ecological niche modelling have been used in the 
past but likely did not utilize the high-resolution, pixel-by-pixel based approach outlined 
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in Walters et al. (2017).  My study uniquely combined a large number of environmental 
layers (66) related to climate soil and hydrology, used a fine spatial grain, and used a 
principal components-based approach that does not arbitrarily exclude any of the 
information from the environmental layers that could be important.  
 
Species status of F. lananensis 
 Based on previous genetic study work (Pieri et al. 2018, Broadbent unpub., Pratt 
2017) and my complementary study that determined that F. lananensis and F. askewi are 
not ecologically differentiated, I believe F. lananensis is a junior synonym of F. askewi 
as previously adopted by Williams et al. (2017).  
 
Habitat associations 
To determine the environmental variables that contributed the most to the Maxent 
ecological niche model, I identified the top 4 principal components (PC’s 1, 3, 5 and 6) 
using the Maxent jackknife of test gain. The response curve for PC1 (Figure 11) was an 
approximate normal bell curve with the peak slightly shifted in the positive direction. 
After considering the loadings associated with the environmental variable components of 
this axis, this may indicate that the F. askewi in my study are associated with habitats that 
receive intermediate levels of precipitation and experience intermediate temperatures.  
Freshwater mussels are ‘thermoconformers’ whose bodily functions are temperature 
dependent; physiological performance is species-specific and each species has its own 
thermal tolerance limits (Spooner and Vaughn 2008, Pandolfo et al. 2012).  As mussels 
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are predominantly sessile burrowing organisms, the drainages of the south-central United 
States primarily run west-to-east, and there is ‘intermittency’ of river headwaters in the 
south-central United States (Matthews and Zimmerman 1999, Vaughn et al. 2015), 
mussels have limited refugia for escaping warming water temperatures due to climate 
change, drought, or changes to stream flow regime.  In a recent thermal tolerance study 
(Rumbelow 2018), the mortality rate of F. askewi was 0% at water temperatures of  20 
°C and 25 °C, but 14% at 30 °C and 43% at 35 °C.  Rumbelow’s study demonstrates that 
F. askewi is able to tolerate cooler and intermediate water temperatures, and that 
tolerance decreases and mortality increases as water temperature increases.  
The thermal tolerance of the host fishes of F. askewi must also be taken into 
consideration. Due to the complex life-cycle of the freshwater mussel and the obligate 
relationship between the larval mussel glochidia life-stage and the host fishes, we must 
consider the thermal tolerance of the F. askewi host fishes because F. askewi will likely 
only be found in areas that the host fishes can access. Pandolfo et al. (2012) found that 
depending on the species, freshwater mussels may be more or less thermotolerant than 
their host fishes. This could affect the distribution and abundance of F. askewi.  
The F. askewi in my study were associated with intermediate levels of rainfall 
(e.g., the middle ground between low rainfall and drought conditions, and high rainfall 
and high flows) and intermediate variation in rainfall.  As the shells of adult mollusks, 
including those within class Bivalvia, are composed of a single or multiple layers of 
CaCO3 in the forms of calcite, aragonite, or both (Weiss et al. 2002), this could indicate 
that F. askewi are not associated with areas that receive heavy rainfall due to the dilution 
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of calcium and bicarbonate ions in the water column. It has been hypothesized that the 
hardness of water (that amount of calcium and magnesium that is dissolved within the 
water) is a limiting factor for the distribution of freshwater mussels (Strayer 1991). 
Strayer (1991) noticed that species of freshwater mollusk are associated with hard water, 
for example above 20 mg/l. For example, zebra mussels (Dreissena polymorpha) were 
observed inhabiting water bodies where the calcium levels were greater than 20 mg/l (20-
40 mg/l)  (Strayer 1991).  
 For PC3 (Figure 12), habitat suitability was greatest in areas of sand opposed to 
clay. Habitat suitability decreased with increasing clay in the soil. This may be because 
hard clay substrates could be more difficult to anchor into than soft sands. In the ground-
truthing exercise, F. askewi were found in environments that had a predominant sand 
component but were also found in an environment that was predominantly clay (Table 2). 
Unionids have also been recorded utilizing sand and clay substrates (Saarinen and 
Taskinen 2002, Randklev et al. 2014). In a mussel burrowing study Lewis and Riebel 
(1984) found that substrate type is not responsible for mussel distribution, though the 
burrowing abilities of the species used in their study (Lampsilis radiata, Elliptio 
complanata, Pyganodon grandis) were greater when the mussels were in sand than in a 
gravel environment. However, some mussels (E. complanata, P. grandis) in this study 
burrowed faster in clay than in gravel or sand (Lewis and Riebel 1984).  It has been 
hypothesized that mussel species that are unsculptured, such as F. askewi,  are more 
likely to live in a wide range of habitats including those areas that have unstable 
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substrates (Allen and Vaughn 2009, Hornbach et al. 2010, Levine et al. 2014, Goodding 
et al. 2019) such as sand.  
Mussel distribution, abundance, density, and species richness have also been 
related to the hydrogeomorphic variability of the waterway in question (Gangloff and 
Feminella 2007, Brainwood et al. 2008, Troia et al. 2015). The habitat preferences with 
regard to the microhabitat of mussels include geomorphic reach type (Brainwood et al. 
2008). Strayer (1999) hypothesized and Morales et al. (2006) demonstrated that mussels 
beds are located in stable sediment patches called ‘flow refuges’. These refuges are 
suitable for mussels because they are less influenced by high flows and shear stress than 
other areas, as determined by the geometry and geomorphology of the river channel and 
islands within the channel. No doubt the relationship between mussels and geomorphic 
reach types is multi-faceted, with the potential components of granulometry and particle 
size, and the actual structure of the habitat as a function of abiotic factors (e.g., refugia-
creating roughness elements such as boulders, and actual chemical composition of the 
rock such as sandstone or shale) (Brainwood et al. 2008).   
Habitat suitability also increased with increasing increase in average diurnal 
temperature range, or the mean of the monthly temperature maximum minus the monthly 
temperature minimum. The periods of the year when the average diurnal range is greatest 
are in the spring (February, March, and April) when daily low and high temperatures vary 
from between 23-25 degrees Fahrenheit, and in the late summer to early fall (August, 
September, October) when daily low and high temperatures vary from between 23-24 
degrees Fahrenheit apart (U.S. Climate Data 2019).  
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 For PC5 (Figure 13), the response curve was an inverted bell shape. As drainage 
size increases, habitat suitability is high, decreases, then increases. This indicates that 
habitat suitability is greatest in two types of environments: in headwaters or small 
tributaries, and in larger parts of rivers. The ‘headwaters’ part of this response curve is 
likely being driven at least partly by the occurrence of F. askewi in two primary 
tributaries connected to the Sabine River: Lake Fork Creek (north of Old Sabine Bottom 
Wildlife Management Area) and Big Sandy Creek (northeast of Hawkins). These creeks 
are large tributaries that are connected to the Sabine River and likely receive backflow 
from the Sabine River at times of high flows. These creeks are not true headwaters but 
can be thought of as secondary headwaters once the flow regime has returned to 
approximately normal conditions after the impoundment disruption of the Lake Tawakoni 
reservoir. The true headwaters of the Sabine River occur upstream of Lake Tawakoni, 
and to my knowledge there have been no F. askewi recorded in this area. This may be 
due to sedimentation build-up from the Lake Tawakoni Iron Bridge Dam (Coker 1914, 
Neel 1963, Watters 1999) and inaccessibility to the true headwaters by the host fishes of 
F. askewi  red shiner (Cyprinella lutrensis) and blacktail shiner (Cyprinella venusta) 
(Bertram et al. 2017). 
For PC6 (Figure 14), as drainage area and flow increase, habitat suitability 
increases. This could indicate that F. askewi is unlikely to be found in very small river 
systems or small disconnected tributaries. However, F. askewi is a freshwater mussel. It 
is unlikely to be found at the opposite end of the spectrum in the largest river systems that 
connect to the saline ocean, for example the mouth of the Neches River near the Gulf 
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Coast, especially if in the influence of estuarine or brackish waters. During ground-
truthing, one site was visited on the Neches River that was under estuarine influence and 
no F. askewi were found. The only species found at this site was Atlantic Rangia (Rangia 
cuneata), a species that prefers sandy bottoms and lives in turbid, brackish but low 
salinity waters (Tarver 1972). For PC6, as the average temperature of the water increases, 
habitat suitability decreases. The thermoconformer nature of freshwater mussels, and the 
thermal tolerance of F. askewi has been previously discussed above.  
There are a few potential factors that could have affected the ground-validation 
sites that I visited that were not included in the modeling effort. The first is that the 
NHDFlowline dataset includes all waterways, including those that may be ephemeral or 
those that may have dried up since past successful sampling efforts. Unionids are aquatic 
animals that need a stable and constant supply of water in order to survive. Another 
reason F. askewi could have been lacking at sampling sites is the presence of feral hogs 
in the southeastern United States including within the terrestrial area surrounding the 
waterway and within the aquatic habitat itself (Kaller et al. 2007). Hogs are infamous for 
their destructive rooting and wallowing activities (Kaller et al. 2007), and additionally 
hogs contribute fecal coliforms, for example E. coli, into the water and associated 
substrates (Kaller et al. 2007). Fecal coliforms were found to be negatively associated 
with nutrient-processing aquatic organisms including unionids and insects (Kaller et al. 
2007).  
In conclusion, both biotic and abiotic ecosystem components play a part in 
determining where mussels appear across the landscape (Troia et al. 2015). I incorporated 
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high-resolution (100m x 100m) environmental data from diverse sources including 
hydrologic, climate, and soil data into my model that helped me to better understand the 
environmental parameters that F. askewi is associated with. In this study I have 
determined that the niches for F. lananensis and F. askewi are statistically 
indistinguishable. To my knowledge this is the most intensive and in-depth niche 
modelling study that has occurred for F. askewi. My model was successful in locating F. 
askewi in five previously unsampled areas, and my model was successful at forecasting 
suitable habitat in East Texas. Given the ecological results presented here, combined with 
previous observations that F. askewi and F. lananensis are difficult to distinguish 
morphologically (Burlakova et al. 2012, Pieri et al. 2018) I believe F. askewi and F. 
lananensis are synonymous. My model and verified maps can serve as useful tools for 
conservation managers that are interested in conservation of F. askewi via preserving the 
waterways or waterway segments where F. askewi is most likely and least likely to occur 
in East Texas.  However, my model is exactly that: a model, and my model did not take 
into account physical barriers such as dams and reservoirs that could affect where the 
host fishes and thus F. askewi are located. Future studies should take impoundments and 
reservoirs into account, as well as the distribution of the host fishes of F. askewi. 
 
Ground-validation 
Verifying the accuracy of ecological niche models is one way to provide 
conservation managers with independent validated information for rare species (Rebelo 
and Jones 2010), including that of habitat information and presence locations. In addition 
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to obtaining and verifying previously described habitat information, ground validation 
provides the opportunity to discover previously unknown populations, which could lead 
to updating the known species range (Rebelo and Jones 2010, Rhoden et al. 2017) and 
could have implications for conservation management strategies. My ground-truthing 
analysis showed that my high-resolution ecological niche modelling approach, based on 
the large numbers of environmental layers that were simplified based on the PCA, is 
effective at discriminating places where F. askewi occurs from places where it does not 
occur. Therefore, this thesis can serve as a roadmap for future work on freshwater mussel 
conservation that utilizes datasets that are as comprehensive as possible and as high-
resolution as possible.  
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Appendix B. Tables 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Species Comparison: F. askewi vs. F. lananensis 
Observed I 5% Critical I Observed D 5% Critical D 
0.8829 0.8438 0.629 0.579 
Site Number Wentworth Scale Substrate type 
1 Sandy gravels with cobble 
3 Silty sand with some gravels in channel center 
5 Primarily sand/silty sand, with many tree roots 
11 Sandy clay with gravels and bedrock (riffles) 
14 Primarily sand with some gravels in center channel 
Table 2. Wentworth scale substrate type per site where F. askewi was found during 
ground-truthing.  
Table 1. Observed and critical I-values and D-values (Warren et al. 2008) from 
permutation tests. F. askewi and F. lananensis have statistically indistinguishable niches 
because the observed values are greater than the corresponding permuted critical values 
expected by chance. I and D -values closer to 0 indicate no niche overlap, while values 
closer to 1 indicate more niche overlap. 
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Table 3. Waterway name and other information for sites visited during ground-truthing 
activities.  
Waterway Latitude Longitude
Present 
(1)
or
Absent 
(0)
Maxent
Suitability
Sabine River 32.418956 -94.704703 0 0.488783
Neches River 31.771262 -95.396351 0 0.410173
Neches River 31.385322 -94.957554 0 0.551259
Sulphur River 33.331723 -95.61421 0 0.0589882
White Oak Creek 33.313386 -94.952813 0 0.294859
White Oak Creek 33.268262 -94.784983 0 0.15386
Mud Creek 32.021507 -95.163771 0 0.509045
Angelina River/Striker Creek 31.87526 -94.943 0 0.497236
Mud Creek 31.85631 -94.99639 0 0.486683
Eight Mile Creek 32.376249 -94.3259 0 0.367689
Sulphur River 33.38773 -95.13034 0 0.243327
Tankersley Creek 33.164038 -95.012882 0 0.236068
Trinity River 31.96494 -96.04628 0 0.83309
Trinity River 31.64413 -95.79129 0 0.42788
Village Creek 30.39692 -94.26573 0 0.0494691
Village Creek 30.343461 -94.235783 0 0.134976
Village Creek 30.28637 -94.19398 0 0.0498707
Neches River 30.13394 -94.09682 0 0.0539856
West Creek 31.726312 -94.363855 0 0.513449
Blackwater Creek 31.869903 -94.421037 0 0.457743
Sabine River 32.529298 -94.959273 1 0.435667
Neches River 31.891119 -95.431935 1 0.407013
Neches River 31.570214 -95.152335 1 0.544046
Angelina River 31.75423 -94.95939 1 0.54941
Sabine River 32.57139 -95.20687 1 0.507062
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Table 4. PCA loadings for PC’s 1, 3, 5 and 6.   
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Habitat Suitability 
% 
Presence % Absence 
0 - .25 0 100 
.26 - .50 33 67 
.51 - .75 50 50 
.75 - 1.0 0 100 
Table 5. The percent of the ground-validation sample sites with presences versus 
absences, at different ranges of habitat suitability. 
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Test Gain 
Full Model 0.6919 
With only PC1 0.2825 
With only PC2 0.0247 
With only PC3 0.1372 
With only PC4 -0.0087 
With only PC5 0.151 
With only PC6 0.1414 
With only PC7 0.0087 
Table 6. Test gain for the ecological niche model of F. askewi produced 
by Maxent.   PC’s 1, 3, 5, and 6 account for the most variation in the data. 
